T he introduction of parasites into streams of the Hawaiian Islands represents an extreme example of the global spread of exotic species. These parasites have the potential to produce disease in freshwater fishes that are native to Hawaii. Conservation of the native fauna of Hawaii and other geographic areas depends upon research that increases the understanding of mechanisms by which parasites may spread globally. The objectives of this article are to describe the manner in which Hawaiian streams have been colonized by parasites, the sources of naturally occurring parasites, and the sources of exotic parasites.
Parasitologists are not alone in their concern over the spread of parasites into new geographic areas. The range expansions of human parasites are of interest to public health workers, and the spread of parasites of domesticated animals to other regions is worrisome both to agriculturists and to the individuals who care for their livestock. Ecologists who are concerned with the conservation biology of plants and animals also understand the threats that the spread of parasites presents to natural ecosystems. It is the goal of ecological parasitologists not only to document the spread of parasites but to determine the methods by which parasites can disperse to new areas. Greater understanding of these dispersal mechanisms may improve the chances of limiting the spread of certain parasites.
The Hawaiian Islands: Geographically isolated, geologically young
One approach to discovery of parasite dispersal methods is to focus on those situations where the spread of parasites is most unlikely. If parasites are successful in colonizing new geographic areas when dispersal is highly constrained, then a determination of the special ways in which that colonization has occurred might be especially insightful. Among the several factors that constrain parasite colonization, perhaps the two most important are geographic distance and geological time. The Hawaiian Islands are near the extreme of these two constraints. These volcanic islands are located in the middle of the Pacific Ocean, approximately 4000 kilometers from continental landmasses. They are the most isolated terrestrial habitats on the planet. The Hawaiian Islands are also geologically young (Macdonald et al. 1983) . Kauai, the oldest high island, is only about 5.8 million years old. At the other end of the chain, the island of Hawaii (the "Big Island") is situated on a volcanically active location and is less than one million years old. In fact, at the southern tip of the island, active volcanoes (Mauna Loa and Kilauea) are still in the process of forming new land (see Craig 2003) .
Depauperate communities in Hawaii
Because of these spatial and temporal constraints to colonization, oceanic islands are depauperate with regard to the number of native species that inhabit them (see also Brasher 2003) . The impression of lush communities of native plants that the typical tourist forms on visiting Hawaii is somewhat illusory. In fact, most of the species forming these plant communities do not occur naturally in Hawaii. Because most of the exotic plants in Hawaii originated on continents and have evolved mechanisms that make them superior competitors, many of these introduced species pose a threat to the continued existence of native plants. Even nearshore coral reef communities of fishes and invertebrates in Hawaii have only a fraction of the species richness of similar communities adjacent to continents elsewhere in the Indian and Pacific Oceans, although the number of species endemic to Hawaii is comparatively high. This emphasizes the point that it is difficult even for marine species to colonize oceanic islands.
The windward sides of all of the Hawaiian high islands are dissected by many streams as a consequence of orographic (terrain-induced) rain. Moisture-laden trade winds blowing from the northeast are lifted by mountain ridges, resulting in several hundred centimeters per year of rain on the eastern slopes. This orographic rain forms swift streams that divide all of the larger Hawaiian Islands on their windward sides (Oki and Brasher 2003) . These freshwater streams, in theory, would seem to be among the least likely habitats to be colonized without human intervention. One needs only to ask the question, "How would a freshwater fish colonize an oceanic island located thousands of kilometers from the nearest freshwater habitat?" In fact, there are five species of native Hawaiian stream fishes (table 1) ; all are gobioids, four are true gobies (Gobiidae), and one is a sleeper (Eleotridae). Recognition of the amphidromous life cycles common to these five species provided Ford and Kinzie (1982) with the mechanism by which these fishes could have colonized the archipelago. Adults live and spawn in stream habitats, but immediately on hatching, the larval fish are swept by currents into the sea, where they spend a period of time as part of the marine planktonic community. On their subsequent return to the streams as postlarvae, they distribute themselves from stream mouths to headwaters and spend the remainder of their lives in freshwater (Fitzsimons and Nishimoto 1990 , Nishimoto and Kuamoo 1997 , Tate 1997 , Brasher 2003 . Ancestors of these five native Hawaiian gobioids probably colonized Hawaiian streams as larvae accidentally carried by ocean currents from streams elsewhere in the Indo-Pacific. Support for Ford and Kinzie's hypothesis has been provided by the phylogenetic analyses of Watson (1991 Watson ( , 1992 , who has determined that sister species of Hawaiian freshwater gobies are not Hawaiian marine gobies; rather, they are amphidromous gobies from streams of the western Pacific.
If the natural colonization of Hawaii by freshwater fishes is unlikely, its colonization by the helminth parasites of those fishes is even less likely. In fact, this may represent a worstcase scenario for colonization. Therefore, if parasites have indeed successfully colonized Hawaiian stream fishes and if researchers can determine the mechanisms by which this colonization has occurred, they can gain insight into general ecological principles that affect the global spread of parasites. Font and Tate (1994) provided the first list of helminth parasites of Hawaiian stream fishes; since that report, additional parasites have been discovered (table 2). They documented evidence that the larval amphidromous gobioids that first colonized Hawaii did not bring any helminths with them when they reached the streams of the archipelago. Acquisition of parasites occurred after these fishes became established in streams. Font (1997) characterized this parasite community as being composed of (a) helminths that are native to Hawaii, meaning that they colonized the archipelago without any human assistance, and (b) helminths that are exotic, meaning that they were introduced into Hawaiian streams by anthropogenic factors. This overview examines various aspects of this parasite community, such as taxonomic distribution of parasites, host specificity, parasite life cycles, host ecology, and means of dissemination, in an attempt to discern patterns that may add to understanding the factors that enhance the likelihood of the global spread of parasites.
Helminth parasites of Hawaiian stream fishes
Several characteristics may be used to define successful colonization. The ultimate measure of success is whether a species of parasite has become established in Hawaiian streams. Additional measures include the number of native fish species that harbor the parasite and the relative number of streams from which the parasite has been reported. Font and Tate (1994) and Font (1997) have also used prevalence (percentage of fish infected with a parasite) and abundance (number of parasites per fish) as measures of successful colonization. Finally, an examination of unsuccessful colonists will be made. That is, of all the potential parasite colonists, only a subset of these species have actually invaded Hawaiian streams and become established in stream fishes. What can 
Native versus exotic parasites
In a sense, because the Hawaiian Islands are both geographically isolated and geologically young, all species that currently live in the archipelago can be considered to have been colonists or the descendants of colonists. However, it is essential for several reasons to distinguish between those species that are native and those that are exotic. First, the time scales of the two types of colonization differ greatly. Natural colonizations have occurred over a time scale of many thousands of years. Human introductions, if associated with Polynesian colonization of Hawaii, can be measured as approximately 1500 years or less, and introductions associated with Europeans can be dated maximally to the arrival of Captain James Cook in 1778 and minimally to colonization events measured in decades or even to those still occurring today (Armstrong 1983) . Second, ecological factors that facilitate natural colonization of oceanic islands, such as having widely dispersing birds as hosts, may be irrelevant when considering the potential of parasite dispersal by human constructs, such as cargo ships and jet aircraft.
Colonization by native parasites
The number of species of native parasites found in Hawaiian streams exceeds the number of species introduced by humans. Font (1998) identified two sources of colonization by native parasites: fish-eating birds and marine fishes ( (Pratt et al. 1987) , presumably carrying their parasites to the archipelago, S. hispida can be considered a native of Hawaii, reaching the islands without human assistance. Table 2 lists two other parasites introduced with fish-eating birds, also considered to be Hawaiian natives (Font 1997) . Native parasites, including the larvae of Scolex polymorphus and of an unidentified didymozoid, may be acquired from the ocean during the marine larval phase of amphidromous fish larvae when these planktonic fish feed on marine copepods that serve as intermediate hosts for these parasites. Spirocamallanus istiblenni, a native roundworm, occurs commonly in nearshore coral reef fishes and may occasionally infect sleepers (members of the family Eleotridae) that inhabit the mouths of slow-moving streams where the water has sufficient salinity to sustain marine copepods that serve as intermediate hosts.
Because the leech (Cystobranchus sp.) is so uncommon in Hawaiian streams, its status as native or introduced parasite is uncertain and requires further research. Recently, another leech that had been tentatively identified as Piscicola geometra was determined to be Aestabdella abditovesiculata, a native species that parasitizes marine fishes.
Colonization by exotic parasites
All other helminths found in Hawaiian streams are exotic. These alien parasites have been introduced by humans with the release of nonnative fishes. The most common exotic fishes in Hawaiian streams are live-bearers (Poeciliidae) such as guppies, Poecilia reticulata; shortfin mollies, Poecilia mexicana; green swordtails, Xiphophorus helleri; and mosquito fish, Gambusia affinis. These fishes were first released into streams for mosquito control and subsequently as aquarium releases. Some of these exotic helminths have broad host specificity (table 3) and have transferred from exotic fish hosts to the native Hawaiian gobioids. Three of these species, the roundworm Camallanus cotti, the tapeworm Bothriocephalus acheilognathi, and the leech Myzobdella lugubris, are now the most widely geographically distributed, the most prevalent, and the most abundant helminths in Hawaiian streams (Font 1997 a. The autogenic-allogenic concept cannot be applied to marine parasites that enter freshwater streams (Font 1998). considered the three species most likely to cause disease in the native stream fishes that they parasitize. Interestingly, the natural geographic ranges of the roundworm and tapeworm do not match the natural ranges of their poeciliid hosts. Both C. cotti and B. acheilognathi are native to Asia, whereas their poeciliid hosts are native to the Americas. Clearly, these Asian parasites must have been introduced to their American fish hosts before their introduction into Hawaiian streams. Both species have gained recent notoriety for their global dissemination. The Asian fish tapeworm was spread initially with carp aquaculture, but because of its broad host specificity, it has been further disseminated with poeciliids, which themselves have been distributed globally in association with mosquito eradication programs (Dove 1998 ). The roundworm is perhaps even more cosmopolitan, mainly because it is a common aquarium pest (Rigby et al. 1997 , Kim et al. 2002 . The third most common exotic helminth, the leech M. lugubris, infests four of five native stream fish species as well as all introduced poeciliids in Hawaii. Only one species of monogenean has been found in Hawaiian streams. This Salsuginus species is a common parasite of the gills of green swordtails. Dactylogyrid monogenes are well known for their narrow host specificity, and this parasite has never been found on native hosts or even on other poeciliids that occur syntopically with swordtails in Hawaiian streams. The two exotic heterophyid trematodes introduced to the archipelago are similar in that they both use the snail Melanoides tuberculata as first intermediate host, but they differ in their host specificity toward fish second intermediate hosts. Centrocestus formosanus occurs in green swordtails in Hawaiian streams (Martin 1958 ), but infections have not been found in native gobioids. Infections of Ascocotyle tenuicollis, however, not only have been found in exotic poeciliids but also occur in three of the five native gobioids.
Patterns of distribution of stream fish parasites
Taxonomic distribution of native and alien helminths is shown in table 2. These associations, however, provide little insight into the potential of different species to be successful colonists. Examples of natural colonizers and parasites introduced by humans into Hawaiian streams can be found among Hirudinea, Trematoda, Cestoda, Monogenea, Nematoda, and Acanthocephala. Although only one species of acanthocephalan, S. hispida, occurs in Hawaiian streams, it is not clear whether this represents difficulty of colonization or is due to acanthocephalans comprising a relatively small number of species. Monogenes are less likely to colonize because of their host specificity, and those that do colonize with introduced fish are unlikely to transfer to native hosts.
Means of transmission are inextricably tied to parasite life cycles and the groups to which parasite species belong. Table  2 provides data on parasites that are transmitted directly from one conspecific host to another (e.g., the leech M. lugubris) and parasites that have indirect life cycles (i.e., species that utilize intermediate hosts, such as the roundworm C. cotti). Figure 1 compares (Pennak 1989) , the presence of copepods in virtually all Hawaiian streams permits widespread distribution of these helminths in the archipelago. The presence of trematodes in stream fishes is closely related to the distribution of the snails that serve as first intermediate hosts to these trematodes. In streams where susceptible snails are absent, these fish trematodes are also absent. The snail Me. tuberculata is the most common introduced snail in Hawaii, and the heterophyid trematodes that use this snail as a host are more widely distributed than the strigeid trematodes that use pulmonate snails, which are much less common in Hawaii. Esch and colleagues (1988) proposed the concept of autogenicity versus allogenicity to distinguish between, respectively, those parasites that complete their entire life cycle in a freshwater habitat, such as a lake or a stream, and those that spend only a portion of their life cycle in an aquatic habitat. Autogenic species may have either direct or indirect life cycles. A fish leech is an example of an autogenic species that has a direct life cycle, in that it is transmitted directly from one fish to another without ever leaving the aquatic environment. A theoretical example of an autogenic parasite with an indirect life cycle would be a trematode that used an aquatic snail as a first intermediate host, a crayfish as a second intermediate host, and a crayfish-eating fish as a final host. The life cycle of such a trematode could be completed entirely within the aquatic habitat. An example of a trematode with an allogenic life cycle actually occurs in Hawaiian streams. The trematode As. tenuicollis uses the aquatic snail Me. tuberculata as a first intermediate host, fishes as second intermediate host, and fish-eating birds as final host. Esch and colleagues (1988) argued convincingly that because allogenic parasites have more broadly distributed hosts, their widespread distribution is more likely than that of autogenic parasites, whose life cycle stages are all confined to the aquatic environment. Numerous comparisons of the ranges of autogenic parasites with those of allogenic parasites were provided by Esch and colleagues to support their argument. Figure 2 provides distributional data for autogenic versus allogenic parasites in Hawaiian streams. It is clear that the distribution of autogenic and allogenic parasites is inconsistent with Esch and colleagues' predictions. Figure 3 illustrates distributional differences between native and exotic parasites in Hawaiian streams. The most widely distributed species in Hawaiian streams are the introduced parasites C. cotti, B. acheilognathi, and M. lugubris. These three parasites either have ubiquitous copepods as intermediate hosts or have direct life cycles, facilitating parasite colonization in either case. However, all of these species are autogenic, a factor that should reduce their colonization potential. How then can these unlikely colonists be the most widespread parasites in the archipelago? Stream capture and flooding events can be ruled out, because most Hawaiian streams cut deep valleys, keeping each stream isolated from all others. Furthermore, in their freshwater fish hosts, these freshwater parasites are prevented from moving from one stream mouth to another by an impenetrable ocean barrier. No natural mechanism exists for between-stream dispersal of these parasites, but their widespread distribution can easily be explained by human activities. Humans have introduced parasitized exotic fishes into virtually every stream in the archipelago. Therefore, because of this single anthropogenic factor, autogenic parasites, which should be among the least disseminated species in Hawaiian streams, are now the most widely distributed.
Ecological parasitologists have scrutinized biological characteristics of parasites and have documented which of these features are likely to enhance the probability of certain parasites to spread to new geographic areas. Documenting these biological features of colonizers is important, and determining the mechanisms and patterns of natural colonization is essential. However, it must be appreciated that the power of humans to disseminate parasites may transcend these natural processes, and that human activities may cause global introductions even of parasites that ecologists would regard as unlikely colonists.
Unsuccessful colonists
The discovery of numerous parasite species, both native and exotic, in Hawaiian streams might make colonization seem an easy feat for parasites to accomplish. However, it might be instructive to consider the large suite of potential colonists that have not entered Hawaiian streams. For example, Yamaguti (1970) extensively studied the trematodes of Hawaiian marine fishes. He reported 260 trematode species from Hawaiian waters, including 220 that he described as new. With the exception of a few didymozoid larvae that infect the amphidromous larvae of Hawaiian stream fishes during their marine plankton larval phase, none of these species have become established in streams. Even didymozoid larvae parasitize less than 1% of stream fishes, and because these parasites require a marine fish to complete their life cycle, they represent an evolutionary dead-end when they enter streams.
One possible reason that marine fish trematodes have not become established in Hawaiian streams is the lack of suitable snails as intermediate hosts. Introduced freshwater snails are all unsuitable as hosts for these marine trematodes. Interestingly, two species of freshwater snails in Hawaiian streams have evolved from marine neritinid ancestors on nearby coral reefs. Yet even these snails of marine origin are not susceptible to trematode infections. Yamaguti (1968) also described a rich fauna of monogenes parasitizing Hawaiian marine fishes. Although larval gobioids spend a portion of their lives in the marine environment where they are likely to encounter the infective stages of these monogenes, they do not become parasitized. Because of the strict host specificity of the monogenes, they have been unable to colonize Hawaiian stream fishes. Many species of freshwater parasites have been reported from the native ranges of those poeciliids that have been introduced into the Hawaiian archipelago. However, it is important to realize that the vast majority of these parasites either have not been transported to Hawaii or, if they have been transported, for one reason or other have failed to become established in streams.
As a cautionary note, it should be observed that the possibility of future introductions of new parasite species remains a real threat. It is sometimes thought that once an exotic fish has been introduced, the damage is done. When considering parasites, however, it is clear that the reintroduction of additional specimens of a species of exotic fish that is already established may be the source of introduction of additional parasites. 
Global dissemination of parasites
The previous examples of unsuccessful colonists are provided to present a balanced perspective in evaluating parasite colonization and its potential for global spread. Clearly, parasites are not organisms with unlimited powers of dispersal. Most parasites do not spread to new areas, and very few parasites have spread so extensively that their distribution can be described as global. Although parasites can extend their ranges by natural means, the greatest danger for global spread of parasites is from human activities. Even with the assistance of humans, luck may dictate that some parasites may never get a chance to spread. But for those parasites that are transported to new parts of the world by humans, biological characteristics such as host specificity, direct or indirect life cycles, ecological characteristics of the parasites' hosts, and autogenic or allogenic transmission will determine whether they succeed or fail in new geographic areas. Examination of those parasites that have successfully colonized one of the most inaccessible of all habitats, freshwater streams of an oceanic archipelago, adds to our knowledge of mechanisms responsible for parasite colonization. Armed with this new knowledge, we may be better positioned to limit the global spread of parasites in the future.
